In this paper, we utilize coupled mode theory (CMT) to model the coupling between surface plasmon-polaritons (SPPs) between multiple graphene sheets. By using the Stimulated Raman Adiabatic Passage (STIRAP) Quantum Control Technique, we propose a novel directional coupler based on SPPs evolution in three layers of graphene sheets in some curved configuration.
Introduction
The optical properties of graphene have attracted a large number of attentions from researchers since its first mechanical exfoliation in 2004, in particular for Surface Plasmon-Polaritons (SPPs), which are evanescent electromagnetic waves coupled with free electron plasma oscillations [1] . SPPs can propagate on the surface of metal or graphene [2] [3] [4] . The wavelength of SPPs on metal is in the visible spectrum, while the wavelength of SPPs on graphene is in the near-infrared spectrum [5] . There are some unique advantages of SPPs supported by graphene comparing with those on metals. Firstly, the SPPs on graphene are more highly confined on the graphene surface than metals [6] [7] [8] [9] [10] . Due to the low and saturable absorption as well as weak electron-phonon interaction, the damping loss of SPPs supported by graphene is relatively low [11, 12] , and the propagation length of SPPs on graphene is relatively longer than SPPs propagation on metal's surface.
Typically, the propagation length of SPPs on graphene could reach dozens of wavelength in the infrared and terahertz region [3, 13, 14] . For graphene, its tunable Fermi level via gating also enables the dynamical control of propagation properties of SPPs. Thus, graphene-based SPPs may find much wider applications in integrated optics and other fields associated with optics [15, 16] .
The SPPs on graphene can be treated as analogous to optical waveguide, due to SPPs propagation guiding by graphene surface. SPPs can be coupled together between two parallel plane graphene sheets [14, 17, 18] . One advantage of SPPs on graphene as compared to optical waveguide is that the associated devices could be extremely smaller in length scale than optical waveguide. With this feature, SPPs on graphene could be remarkable useful in integrate optics and nanophotonics, such as applications in optical communication, optical computation and optical quantum computation.
However, the setups of devices proposed in previous works [14, 19, 20] are based on the coupling of plasmons of two separated graphene layers. The coupling is very sensitive to the device's geometric structure (e.g. device length, distance between graphene layers) and excited SPP's wavelength. As a consequence, the performance of proposed devices is not robust against variation in device's geometric structure and excited SPP's wavelength, which is undesirable for practical applications. In this paper, we introduce the Stimulated Raman Adiabatic Passage (STIRAP) Quantum Control Technique [21] [22] [23] into graphene SPPs coupling, with improving the propagation of SPPs to be more robust against varying geometrical parameters. STIRAP is a robust three-level coherent quantum control with designing two Gaussian shape coupling strengths, which can realize complete transfer from initial state to final state without any population in middle state. The advantage of utilizing STI-RAP technique in designing the coupling device of graphene SPPs is that one can realize complete transfer of SPPs energy from top to bottom layer with robust against all device's geometric structure (e.g. device length, curvature radius R, δ) and excited SPP's wavelength. In the present paper, we design a novel robust device based on SPPs coupling among three graphene sheets with a unique curved configuration (see Fig. 2 ). Our calculations show that our device is able to be completely and robust transferred from input graphene sheet to output graphene sheet with varying wavelength of SPPs and geometry layout parameters (see Fig. 4 ).
Model
In our model, we employ the coupled mode theory (CMT) to describe SPPs coupling between graphene sheets. CMT is widely used theory in describing coupling between two optical waveguides, due to the overlap of their evanescent electromagnetic fields. The SPP propagates like photon in the conventional optical waveguide. The evanescent wave of SPPs on each graphene layer can overlap each other. Thus the energy transfer can be realized between two graphene layers via optical tunneling. And the coupling between two graphene sheets can be described by CMT. Recently, there have two remarkable papers to describe coupling of SPPs on separated graphene layers by using CMT [14, 17] .
We first consider only one layer graphene sheet located at z = 0. The TM polarized SPPs modes are excited on graphene. The electromagnetic fields can be described by [30] We obtain the dispersion relation [30] , by substituting the electromagnetic fields on graphene into the Maxwell equations with appropriate boundary conditions, which is given by
The σ g is the surface conductivity of graphene, which is given by the Drude formula σ g = σ 0
without considering interband contribution. Here, we have σ 0 = πe 2 /(2h), the relaxation rate, γ = 2π(ev In our model, we make the notation Ψ 1 (x, z) (Ψ 2 (x, z)) as the wave function of SPPs on one (another) graphene sheet, written as
where a 1 (x) and a 2 (x) are the amplitudes of the modes with respect to SPPs on two graphene sheets. The mode profiles of SPPs on two graphene sheets u 1 (z) and u 2 (z) are determined by the dispersion equation. We take the notation as ψ 1 =u 1 (z) exp(−iqx) and ψ 2 =u 2 (z) exp(−iqx), where ψ 1 and ψ 2 must be satisfied by Helmholtz equations in the x direction. Based on the CMT model, we can manipulate the Helmholtz equations with the source terms to obtain
where k 0 = q 2 − ω 2 g /c 2 with effective graphene permittivity g = 1 +
iσ g η 0 c/(w∆). Here, σ g is the surface conductivity of graphene by Drude formula, η 0 (≈ 377Ω) is the free space impedance and ∆ (typically 0.33nm) is the thickness of the single layer graphene [32] . These equations are consistent with the conventional optical waveguide coupled equations [33] .
By substituting the wave functions of the SPPs on two graphene sheets into the given Helmholtz equations, we simplify the formation by using the slowly varying envelope approximation [33] , namely
. Under this approximation, the coupling equations can be rewritten as a
Schrödinger-like equation of a two-level system, given by
Here, C 12 and C 21 are the coupling coefficients:
In our first example as shown in Fig. 1 (a) , we consider that the wavelength of the incident light is 10µm. Two parallel graphene sheets are placed at z = d/2 and z = −d/2 respectively, where d is the spacing between the two graphene sheets. The substrate and its surrounding material is assumed to be SiO 2 , with the dielectric constant of h = 3.9.
(a) (b) Due to symmetry in this example, the coupling coefficients are equal: In the first example, we only consider the coupling between two separated graphene sheets. In some practical applications, however, the coupling among multiple channels may become prominent, specially for optical devices analogous to wavelength division multiplexing techniques. To account for multiple layers n larger than 2, Eq. (3) can be easily extended to determine the coupling among n (>2) layers of graphene sheets, which becomes
Here, Ω 1 (x) is the coupling SPPs between first and second layer graphene sheets and Ω n−1 (x) is the coupling SPPs between (n − 1) th and n th layer graphene sheets. Similarly, a 1 and a n are the SPPs amplitudes of first and n th graphene layer.
In a previous design based on SPPs on graphene [14] , the work only considered two parallel graphene sheets and its operation is extremely sensitive to the coupling length and wavelength of SPPs. To overcome this limitation, we devise an adiabatic SPPs coupling device by considering three 
Note it has been shown that the propagation of SPPs on a slightly bend graphene is nearly same to a perfectly planar graphene sheet [34] .
Utilizing Fig. 2 as an example, the coupling among three graphene sheets can be determined by Eq. (3) with n = 3, which is similar to Schrödinger-like equation of a there-level system:
where Ω 1 (Ω 2 ) represents coupling strength between input and middle graphene sheet (between middle and output graphene sheet) with respect to x, such
To realize robust transfer of the SPPs from the input to the output graphene sheet, we introduce the adiabatic quantum control following (STI-RAP) in three-levels-like quantum system. According to STIRAP theory, we can turn a normal states to an adiabatic states, which are the superposition of normal states. By appropriate control of associated parameters labelled in Fig. 2 , we are able to make Ω 1 (x) and Ω 2 (x) to meet the adiabatic criteria.
In the adiabatic dominated region, fine control over the coupling strengths can enable a complete and robust transferring SPPs from the input graphene sheet to the output graphene sheet. To achieve the proposed adiabatic control, we can tune the appropriate values of d 1 (x) and d 2 (x) and to monitor the robustness of the control for a reasonable range of R, δ and d min .
In our analysis of Fig. 2 , the proposed three layers of graphene sheets are surrounded by SiO 2 (dielectric constant is 3.9) and all three layers of graphene sheets are assumed to have the same Fermi level 0.15 eV. Incident light of 10 µm wavelength is utilized to excite the SPPs on the input graphene sheet. The corresponding relaxation rate is γ = 1.11 × 10 12 and we choose higher γ = 2 × 10 12 for more practical transport loss of graphene [14, 17] , which leads to a maximum propagation length of L x = 4.092 µm by using
Results and Discussions
In the following results, we choose device length of 1 µm, R = 800 nm, δ = 200 nm and d min =20 nm as default parameters unless otherwise specified. Note the device length is chosen as 1 µm, so it is smaller than the maximum propagation length L x ≈ 4 µm, so that the SPPs can propagate without vanishing all SPPs energy. While smaller-size device is desirable for integrated optics, but the device length cannot be too small subjected to the adiabatic criteria.
With the two-dimensional nature of graphene, the loss mainly comes from the in-plane scattering, therefore the presence of lossy scattering or damping would not affect the coupling between graphene sheets in the z-direction.
In Fig. 3 (a) , the coupling strength with loss is almost the same as the coupling strength without loss. From the calculated coupling strength Ω 1 (x)
and Ω 2 (x) for a given geometry setting, we calculate the intensity evolution of SPPs on each graphene layer (input, middle and output), as depicted in Fig. 3 (b) .
We make comparison among each intensity evolution of SPPs with and without loss. From Fig. 3 (b) , we can see that the SPPs can completely 12 transfer from input graphene sheet (I input = |a 1 | 2 ) to output graphene sheet (I output = |a 3 | 2 ) without any intensity left in middle graphene sheet (I middle = |a 2 | 2 ) at the output of device, even for the presence of loss (dot line). The transfer of the SPPs excited in the input graphene layer to the output graphene layer through middle one can also be visualized in the evolution process as shown in Fig. 3 (c) . Apparently, there is zero intensity in the middle graphene layer when the transfer is completed. The length scale for this design is from -300 nm to +300 nm, which is much smaller than previous optical waveguide devices [24] [25] [26] [27] and thus possible for more compact photonic devices integration (nanometer photonic device).
As mentioned before, three geometry parameters (R, d min and δ) and the SPP excitation frequency (ω) determine the coupling strength functions Ω 1 (x) and Ω 2 (x). According to STIPAP, it is robust to variation of coupling strength functions Ω 1 (x) and Ω 2 (x), thus our design proposed in this paper should be insensitive to the variations in configuration structure (R, d min , δ and ω) and excited SPPs wavelength. To demonstrate these robustnesses, 
(c) range of length L. In Fig. 4 (c) , we shows the intensity of SPP for a fixed wavevector (35 µm −1 corresponding to a wavelength of 10 µm for different values of R, δ and device length L. From Fig. 4 (c) , it is clear than the 3-layer design is more robust (with intensity confined between 0.6 to 0.9) as compared to the 2-layer design with parallel graphene sheet (blue solid line in the figure).
We would like to discuss the experimental realization of our model by
showing that the proposed method and range of parameters are within the reach of current technology. Firstly, the synthesis of large area graphene as used in our calculation (device length of 1 µm) can be achieved though
Chemical vapor deposition approach [36] . As often used in the graphene experiment, the Fermi level of 0.15eV can be reached by using the chemical or electrostatic doping [37, 38] . Secondly, the curved graphene layer may be considered to employ nanoimprinting process [39] similar to the method described in the literature [40] . Finally, we may consider utilize the light to excite the SPP on an extended graphene top layer, by similar to the excitation on the planar graphene configuration. By doing so, the excited SPP can be injected into the top graphene layer.
Conclusion
In conclusion, we have proposed a new design of graphene SPP based directional coupler by using a 3-layers graphene curved configuration. By utilizing the coupled mode theory (CMT) and the Stimulated Raman Adi-16 abatic Passage (STIRAP) Quantum Control Technique, we show that the design can serve as a novel and compact adiabatic directional coupler, which is more robust than a typical 2-layer graphen plane configuration. This finding will be helpful to the future development of more compact and robust integrated optic circuits.
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